We present homologies between archaeal and eucaryal DNA-dependent RNA polymerase (RNAP) It is now accepted that the living world is divided into three domains: Bacteria, Archaea, and Eucarya (1, 2). There are a sufficient number of molecular features specifically shared between Archaea and Eucarya to suggest a common ancestry, apart from the Bacteria. This is most clearly documented in their transcription systems. Although the large components of the RNA polymerases (RNAPs) are homologous among all domains, a much higher similarity exists between the archaeal and eucaryal versions than between either of these and the (eu)bacterial version (3, 4). The canonical archaeal transcription promoter closely resembles the eucaryal TATA-boxcontaining [RNA] polymerase (pol) II promoters (5). Sequences of all but one subunit of the RNAP of the extremely thermophilic archaeon Sulfolobus acidocaldarius have now been determined, thus allowing a comprehensive comparison of RNAPs among the three domains.
and Thermococcus celer. In archaea, the protein is not an RNAP subunit. Together with the sequence similarities between archaeal box A-containing and eucaryal TATA box-containing promoters, this shows that the archaeal and eucaryal transcription systems are truly homologous and that they differ structurally and functionally from the bacterial transcription machinery. In contrast, however, a number of genes for the archaeal transcription apparatus are organized in clusters resembling the clusters of transcription-associated genes in Bacteria.
It is now accepted that the living world is divided into three domains: Bacteria, Archaea, and Eucarya (1, 2) . There are a sufficient number of molecular features specifically shared between Archaea and Eucarya to suggest a common ancestry, apart from the Bacteria. This is most clearly documented in their transcription systems. Although the large components of the RNA polymerases (RNAPs) are homologous among all domains, a much higher similarity exists between the archaeal and eucaryal versions than between either of these and the (eu)bacterial version (3, 4) . The canonical archaeal transcription promoter closely resembles the eucaryal TATA-boxcontaining [RNA] polymerase (pol) II promoters (5) . Sequences of all but one subunit of the RNAP of the extremely thermophilic archaeon Sulfolobus acidocaldarius have now been determined, thus allowing a comprehensive comparison of RNAPs among the three domains.
In the Bacteria, transcription involves a single RNAP with only four different basic subunits: B, 3', a, and o,. In cyanobacteria and chloroplasts, the (3' component is replaced by two fragments of about equal size (6, 7) . In certain species, additional components have been reported, some of which, at least, effect specific initiation of transcription (8) (9) (10) .
In contrast, the nuclei of Eucarya harbor three specialized RNAPs-pol I (or A), pol II (or B), and pol III (or C)-which have been well characterized in Saccharomyces cerevisiae (11) . The two largest subunits in each case are homologous to the bacterial components (.3 and (3', and there is some structural
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Limited similarity also has been claimed between the bacterial a subunit and the eucaryal AC19 and B12.5 subunits (14) (15) (16) . Claimed homologies between the bacterial transcription initiation factor o-and certain eucaryal RNAP subunits (17) (19) .
This overview reports the results of sequence comparison between all but one of the RNAP subunits from Sulfolobus acidocaldarius, including the sequences of subunits D, E, and Nt and their homologs in S. cerevisiae. In conclusion we show that, despite the Archaea being prokaryotic in cell type, their transcription system resembles that of Eucarya and is thus different from that of Bacteria.
Homology of Eucaryal and Archaeal Small RNAP Subunits
Like their eucaryal counterparts, the archaeal RNAPs show a high complexity. The RNAP of Sulfolobus acidocaldarius comprises 13 different single-copy subunits. A semiquantitative immunoblotting approach (3, 4) showed that the three (or four; see below) largest archaeal subunits are homologs of the two largest eucaryal subunits and, therefore, are also related (in a more distant way) to the , and (' subunits in Bacteria (3, 4) . These conclusions have been substantiated by cloning and sequencing the corresponding gene clusters, completely in the case of six archaea and partially for another two (20, 21) .
The largest eucaryal RNAP subunit (and the bacterial ' subunit) are replaced by two subunits in Archaea, A', homologous to roughly the N-terminal two-thirds, and A", homologous to roughly the C-terminal third of the eucaryal and bacterial subunits. In the methanogens and extreme halophiles the homolog of the second largest eucaryal subunit and the bacterial (3 subunit is also replaced by two subunits, B", corresponding to roughly the N-terminal half, and B', corresponding to roughly the C-terminal half of the eucaryal and the bacterial versions. Sequence similarities are highest between the large archaeal subunits and their corresponding pol II and pol III (15) , and possibly M (see Table 1 ).
The genes for all of these (22) (23) (24) (25) , except 1, were cloned by using oligonucleotides designed on the basis of partial amino acid sequences as hybridization probes. All but the I and M subunit genes were completely sequenced.
As shown in Table 1 (24) ; K, a homolog of ABC23 (25) ; and N, which corresponds to ABC1O0B (Fig. 1 ). Kromer and Arndt (27) Fig. 1 ). All of these share part of the so-called "a motif' highly conserved in the a subunits of (eu)bacterial RNAPs (25) .
Subunit D of Sulfolobus acidocaldarius corresponds to the eukaryotic AC40 and B44 subunits (see Fig. 2 ) and like the latter shows limited homology to the (eu)bacterial a subunit, mainly in a well-conserved ca motif. Scholzen and Arndt (32) have reported an ORF in a gene cluster of H. marismortui that shows high similarity to Sulfolobus D and the eucaryal AC40/ B44 subunits. The H. marismortui version is contained in a gene cluster resembling the a operon ofE. coli (32) . During the assembly of pol I and pol III the eucaryal subunits AC40 and AC19 appear to be associated in a "heterodimeric" structure (14) . The homologous Sulfolobus subunits D and L form a stable complex with each other (25) .
Sulfolobus subunit E ( Fig. 1) shows homology to the S. cerevisiae pol II subunit B16 (33) and to the product of the ORF YKL144c of chromosome XI in S. cerevisiae, which appears to be the 25-kDa subunit of pol III (29, 34) (Table 1) . No equivalent is known in pol I. The S1 motif present in subunit E (22) , is responsible for RNA binding in several contexts in both Bacteria and Eucarya and is thought to be involved in resolving or rearranging helical structures in nucleic acids. Subunit E might act in this manner during transcription elongation (22 (25) . Furthermore, F is not bound as tightly as the other components to the RNAP complex and is strikingly polar, with an excess of negative charge, which could account for its binding to the RNAP.
Homology of Archaeal and Eucaryal Transcription Factors
The canonical archaeal transcription promoter contains a "box A" sequence, TTTAWA (5), reminiscent of the TATA box of certain eucaryal pol II promoters. The center of box A is located 27 ± 4 nucleotides from the start of transcription on a YR sequence (35) . This distance is similar to that in many pol II promoters. Purified Sulfolobus RNAP is able to start transcription at the "normal" start site even when insertions or deletions have been introduced between box A and this site, or when box A has been completely deleted. However, efficient initiation of transcription in vitro requires both a promoter containing the box A sequence and a protein fraction (25, 36) . In this case, however, transcription initiation occurs on the R of a YR sequence that is 27 ± 4 nucleotides downstream from the center of box A rather than at the "normal" start site and thus appears directed by box A. Using RNAP from Methanococcus sp., Frey et at (37) and Hausner and Thomm (38) have been able to replace the undefined protein fraction by two purified proteins, called aTFA and aTFB.
These results suggest that the archaeal RNAP has a dual interaction with the promoter, first directly at an unidentified signal including the YR start, and second mediated by transcription factors at box A. In Eucarya, several proteins are involved in the initiation of transcription, but two of them, TBP (27) RNAPs with subunits ABC103 of the RNAP of S. cerevisiae (Sce) (14) . In boldface letters are symbols for amino acids that are conserved in at least one archaeal and one eucaryal subunit. Next are sequence alignments of archaeal subunit E of the Sulfolobus acidocaldarius (Sac) with subunits B16 (25, 28) and C25 (29) of the pol II of S. cerevisiae (Sce). At the bottom are sequence alignments of archaeal subunit L with subunits AC19 and B12.5 of the RNAP of S. cerevisiae (Sce) (15, 16, 25) . tive homolog of TFIIB was cloned and sequenced by Creti et at (43) , and identified by Ouzounis and Sander (44) .
Both Bacteria and Eucarya possess factors that resolve "jams" in transcription elongation: the greA and greB proteins in E. coli (45) and the unrelated TFIIS factor, associated with eucaryal pol II (46) . In Sulfolobus acidocaldarius, downstream of the gene for RNAP subunit L we have located an ORF encoding a protein with a C-terminal domain which shows high sequence similarity to that of TFIIS factors (47) . A similar ORF has also been reported in T. celer (48) . The archaeal proteins would be roughly 100 amino acids long, although their homology with TFIIS is confined to about 40 C-terminal amino acids including a zinc finger (47, 48) . Two yeast RNAP subunits, A12.2 and B12.6 (49, 50), however, each share two zinc finger domains with the putative archaeal proteins and appear more similar to the latter than the TFIIS factors. But in contrast to the situation in Eucarya, in Sulfolobus the putative protein is not an RNAP subunit.
In conclusion, archaea utilize two transcription initiation factors and a possible transcription elongation factor which are clearly homologous to eucaryal rather than bacterial proteins. The eucaryal homologs of these archaeal factors constitute a minimal set just sufficient for specific transcription from certain promoters (39) . No factors involved in promoter selection and thus transcription specificity have so far been identified in archaea.
Gene Organization
The genes for the largest RNAP subunits of archaea (Fig. 3A) are organized in a cluster resembling the rpoBC operon in E.
coli. The archaeal cluster contains, however, in addition the gene for subunit H, having a homolog in eucarya but not in bacteria, immediately upstream of rpoB but downstream of the common promoter. There are several other examples (especially involving ribosomal protein genes) where archaeal gene clusters resemble their (eu)bacterial counterparts in gene order but harbor in addition related genes found only in archaea and eucarya-e.g., the above-cited operonal organization of rpoN and rpoK The existence of such gene clusters appears to be an ancestral feature which has been lost in the eucaryal lineage.
The large RNAP subunit gene clusters in Archaea and Bacteria are in quite different genomic context. In (eu)bacte- (20) . In the archaeon H. marismortui, the a operon (32) and the S9 operon (27) are immediately adjacent to each other; in the (eu)bacterium E. coli, they are separated. We found a gene cluster in Sulfolobus acidocaldarius containing the genes for RNAP subunits D and N, and for six ribosomal proteins and an ORF for a putative nucleic acidbinding protein, which resembles in its composition and largely in its gene order the adjacent a (32) and S9 operon (27) of H. marismortui (Fig. 3B ). This and the neighborhood of rpoL and the gene encoding the A12.2/B12.6 homolog in Sulfolobus acidocaldarius (Fig. 3C) show that elements of the transcription machinery of archaea are also organized in clusters.
A S. acidocaldarius rpoB/rpoA gene cluster
Evolutionary Implications
The strong sequence divergences between the subunits in the bacterial transcription system on the one hand, and their archaeal/eucaryal homologs on the other, plus the fact that many components common to the archaeal and eucaryal systems do not find homologs in the bacterial system, suggest functional differences in transcription.
Bacterial promoters are thought to be freely accessible to RNAP, and specialized o-subunits may thus suffice for promoter recognition and transcriptional initiation. In contrast, the nucleosomal structure of the eucaryal chromosome hinders the recognition of transcription promoters, which seems then to require a local "resolving" of the chromatin structure by factors including TBP and TFIIB. (51) . The existence of archaeal homologs for TBP and TFIIB indicates that eucaryote-like preinitiation complexes also function in archaea, suggesting that the archaeal genome has chromatin-like structure as well (52) .
A key evolutionary question is whether bacterial RNAPs are simpler in structure than archaeal and eucaryal RNAPs because they have lost a number of subunits present in the universal ancestor or because they have never evolved them.
The fact that the Archaea and Bacteria both contain similar gene clusters implies the presence of such clusters in the common ancestor, whereas the domain-specific differences of the arrangement of such clusters in bacteria and archaea indicate that their linkage into coherent genomes occurred twice independently, in the bacteria and in the archaea (53) . This is in line with the proposal of Woese that the ancestral progenote preceding the common ancestor of the three domains of life did not have a coherent genome yet (53, 54) . The archaeal gene clusters contain genes absent from their bacterial counterparts-e.g., for RNAP subunits that have homologs in eucarya but not in bacteria. It seems more probable that this resulted by loss of such genes from the ancestral gene cluster in the bacterial lineage, rather than from their introduction into "suitable" clusters in archaea, for which mechanisms of choice are hard to imagine. This argument is supported by the finding that in archaea such clusters have been found to be interrupted by promoters and terminators and thus do not appear to originally have constituted regulatory units. They might rather have constituted packages to ensure the joint transfer of genes encoding cooperating gene products between individuals in ancestral populations in a stage of evolution where the separation of lineages had not yet occurred (54) . The genes in such clusters should then be ancestral rather than invented after the separation of bacteria on one hand and archaea and eucarya on the other. Another argument for this assumption is furnished by the notion that in phylogenetic trees of certain molecules-e.g., DNA-dependent RNAPs-the bacterial lineage appears to be longer than the archaeal, indicating the bacteria to have diverged further from the common ancestor than the archaea.
Despite the striking homologies between various components, the archaeal and eucaryal transcription mechanisms show a number of characteristic differences: e.g., the large component of the eucaryal RNAP exists as two disjoint fragments, A' and A", in the archaea; each system has subunits not found in the other; the archaeal subunit H represents only the last third of the eucaryal subunit ABC27, the archaeal TBP lacks the N-terminal extension found in eukaryotic TBPs (39); and eucarya have three functionally distinct RNAPs.
In summary, the similarities shown by the archaeal and eucaryal transcription systems strongly reinforce the idea (1, 55, 56) that the Archaea and Eucarya are relatives. In a number of cases where the eucarya possess more than one version of an RNAP subunit the archaeal sequences are more similar to each of the eucaryal versions than the latter are to each other. It, therefore, appears that the archaeal transcription system is not only simpler (in number and/or size of components/ factors required) than its eucaryal homolog but also has more faithfully retained the common ancestral function.
